Most trials were conducted by placing a bomblet, containing a heavy suspension of spores of B. anthracis, on the ground and detonating it electrically. In some trials, the bomblets were projected at the ground from an inverted mortar gun suspended some 3 m above the ground to simulate the impact of a bomb dropped from an aircraft. The effectiveness of the weapons was judged by exposing sheep, tethered downwind of the detonation point, to the airborne cloud of spores. The number of spores inhaled by each sheep was measured by taking air samples with a liquid impinger placed next to each animal. Many sheep inhaled numbers of spores sufficient to contract anthrax, thus indicating that this biological agent could probably be used as a weapon against humans.
Gruinard Island was heavily contaminated with the spores of virulent Bacillus anthracis during biological weapons trials in World War II. However, an extensive survey in 1979 showed that most of the island was not contaminated. In the early 1980s, a more intensive survey revealed that the contamination was largely confined to the top 8 cm of the soil in a 2.6-ha area of the 211-ha island. Small-scale tests showed that the spores could be inactivated by drenching the soil with fluid biocides. A solution of 5% formaldehyde in seawater applied by surface spray to each square meter of ground was shown to be the most effective treatment and was utilized for large-scale decontamination of the affected areas. Following this treatment, extensive sampling revealed that most of the spores of B. anthracis had been inactivated. Isolated pockets of surviving spores were treated further. A flock of sheep was then allowed to graze over the entire island for 5 months; none contracted anthrax.
Gruinard Island was used in 1942 and 1943 to evaluate the potential use of airborne spores of Bacillus anthracis as a biological weapon. The island (56°56'N, 5°35'W) is situated in Gruinard Bay, Rosshire, on the northwest coast of Scotland. The 211-ha island consists of Torridonian sandstone overlaid by 0.3 to 0.5 m of blanket peat bog, varying to 1.0 m locally in drainage gullies. The site where the wartime trials were performed is a relatively flat saddle of land between high points towards the southern end of the island and is approximately 50 m above sea level. The average slope of the site is about 4°. The vegetation is typical of Scottish blanket bog, with heather, moss, and some bracken.
Most trials were conducted by placing a bomblet, containing a heavy suspension of spores of B. anthracis, on the ground and detonating it electrically. In some trials, the bomblets were projected at the ground from an inverted mortar gun suspended some 3 m above the ground to simulate the impact of a bomb dropped from an aircraft. The effectiveness of the weapons was judged by exposing sheep, tethered downwind of the detonation point, to the airborne cloud of spores. The number of spores inhaled by each sheep was measured by taking air samples with a liquid impinger placed next to each animal. Many sheep inhaled numbers of spores sufficient to contract anthrax, thus indicating that this biological agent could probably be used as a weapon against humans.
Although the weapons trials were conducted only when the clouds of spores would not be carried by the wind across the nearby mainland, it was inevitable that they traversed a large area of Gruinard Island. The passage of the cloud caused only light surface contamination over much of the island. However, only a small percentage of the fluid weapon fill was dispersed as an aerosol in the respirable size range of 1 to 5 ,um. The remainder was scattered as large globules of spore slurry over the ground in the immediate vicinity of the detonation point and for a short distance downwind. Annual soil sampling from 1946 to 1969 (unpublished data) showed that although the numbers of spores were slowly declining, measurable contamination was likely to persist until well into the 21st century. A more extensive sampling survey covering the entire island was conducted in 1979. Samples were taken by pushing aluminum tubes into the soil and withdrawing them complete with the enclosed soil core (5) . In the laboratory, the cores were pushed out of the tubes with a plunger and were subdivided horizontally into slices that were analyzed separately; this allowed the distribution of the spores of B. anthracis with depth to be determined. Each core slice was weighed and mixed with twice its weight of distilled water until the soil had been evenly dispersed. The sample suspension was then strained through a double thickness of cotton gauze to remove large particles. The filtrate was heated at 60°C for 1 h to inactivate vegetative soil organisms, and four 0.25-ml volumes were spread on dried plates of the PLET selective medium developed by Knisely (3) . After 48 h of incubation at 37°C, colonies of B. anthracis could clearly be seen and counted, whereas the growth of the normal soil sporeforming bacteria was suppressed. This technique allowed the detection of three spores of B. anthracis per g of soil. After analysis of the samples, it was concluded that only a small area of the island (2.6 ha) was still contaminated with spores at a detectable level. However, to define the limits of the contaminated area with more confidence, the radial sampling grid described previously (4) was extended to a circle with a radius of 400 m around the detonation point. The analyses also showed that, except in certain discrete locations, all of the spores were confined to the top 10 cm of soil (4, 5) . The sampling points and the numbers of spores detected in the top 10 cm of soil of samples taken on the radial sampling array on the main trials site are shown in Fig. 1 . Most of the residual contamination was detected to the north and east of the detonation point. This was due to wind-assisted dispersal, whereas contamination found to the south of the detonation point was largely due to drainage from the main area of contamination. The area encompassed within the boundary limited by the positive sample farthest from the detonation point in each direction was approximately 2.6 ha. However, it was decided that a 20-m safety zone should surround the perimeter of the contaminated area, thus increasing the total area to 3.7 ha. The entire area was also swept with mine detectors for metal fragments resulting from the explosions of the static bombs and the bomb dropped from the air. At one point, a large fragment of ordnance was found which might have been part of the only bomblet containing anthrax spores dropped from an aircraft (for its position, see Fig. 1 ). The area around this point was sampled intensively at 1-m intervals in concentric circles to define its diameter. Sampling showed that the impact of the aerial bomb had caused considerable contamination at some depth (Table 1) over a circular area 20 m in diameter. This area was designated for special treatment due to the depth of the surviving spores. As well as the main trials area, a smaller area (0.4 ha) on the southwest coast of the island, identified by the study of archival aerial photographs, was sampled. This was the paddock where the sheep exposed to the spore clouds were tethered for observation after each trial, and sheep died of anthrax there. In the terminal stages of anthrax infection, fluids rich in anthrax spores issue from the body orifices, producing ground contamination. Sixty core samples were taken from the site of the tethering paddock, but none of these contained detectable numbers of anthrax spores. However, because infected sheep had died there it was decided that the entire paddock should be regarded as potentially contaminated. All points from which soil samples had been collected were marked by numbered wooden stakes. Because the area of detectable contamination was limited in extent, it was decided that decontamination was feasible and that application of a fluid biocide would be the chosen method.
Initially, four biocides were tested for their efficacy in inactivating the anthrax spores in small-scale tests in the laboratory and on the island (4). The most effective biocide was a 5% solution of formaldehyde in seawater. Formaldehyde is extremely reactive and reacts with protein, DNA, and RNA (6). With protein, it produces intramolecular cross-links (8) . It is said to be sporicidal because it penetrates the interior of the spore, where it presumably inactivates nucleic acid (7) . Some spores will resist the action of formaldehyde for some hours (1, 2), but our experience on Gruinard Island showed that a 7-day exposure effectively inactivated all bacterial spores present in the soil (4). It is possible that the 40-year residence of the spores in the soil may have made them more sensitive to the effects of biocides, but this is uncertain. On the basis of these small-scale trials it was decided that a large-scale trial would be conducted. Plots (3 by 3 m) located in an area of known contamination some 13 m northeast of the detonation point were treated with the formaldehyde solution. Vegetation was removed from some plots by mowing and from others by burning with a hand-held horticultural flame gun, and the vegetation was left intact on some others. The plots were further subdivided into 1-m-by-i-m areas to aid in even application of the formaldehyde solution. Before the biocide was applied, a single soil core was taken from the center of each of the 1-m2 areas. Each plot was then sprayed with a 5% formaldehyde solution, some plots receiving 20 liters/M2 and some receiving 50 liters/M2. The experiment was carried out in duplicate. A soil core sample was taken from the center of each plot after 1, 52, and 96 weeks. The soil cores taken 1 week after application of formaldehyde were found by chromatographic analysis to contain residual levels of the chemical. This was removed by centrifuging the filtrate at 10,000 x g for 15 min and washing the deposit with three 40-ml volumes of distilled water. The deposit was finally resuspended to its original volume before being plated on PLET medium (3). The samples taken at 52 and 96 weeks did not contain detectable formaldehyde. This trial (Table 2) showed that 5% formaldehyde was effective at inactivating spores of B. anthracis at application volumes of 20 and 50 liters/M2, but the results tended to favor the larger volume. Removal of vegetation was also considered advisable.
On the basis of these results, it was decided that a full-scale decontamination operation of the 4.1-ha main trials area and also the paddock site would be conducted. The decontamination process was performed by Languard Holdings Ltd., Lutterworth, Leicestershire, United Kingdom. The sites were prepared by spraying the vegetation with a diquat-plus-paraquat-based bipyridyl herbicide (Cleansweep; Shell Chemicals Ltd., Huntingdon, United Kingdom). One week later the dead vegetation was burned. The sites were then covered with parallel runs of lay-flat horticultural irrigation tubing (Evaflow New A. Flowering Plants Ltd., Buckingham, United Kingdom) which delivered the biocide as a fine spray through pores on the upper surface. The lines of tubing, 0.9 m apart, were pegged down by wire hoops. The total layout, including the tethering paddock, required some 50 km of tubing. Seawater was pumped from the sea with a fire pump (Coventry Climax Ltd., Coventry, United Kingdom). To prevent sand or seaweed from entering the pump it was mounted on a raft some distance offshore and was additionally protected by particulate filters at the terminal end of the seawater supply hose. Sand and other fine particles were removed on the pressure side of the pump by an in-line centrifugal separator and two disc filters in parallel. When the filtered seawater reached the treatment sites, a precisely metered quantity of formaldehyde was injected, with mixing, by Dosatron injectors (Flowering Plants Ltd.) into the seawater stream to give the 5% concentration required (Fig. 2) . The formaldehyde solution was distributed to the irrigation tubing through fire hose and polyvinyl chloride pipelines. The irrigation process was controlled from an upwind location to ensure safe working conditions for the oper- None  501  33  99  6  63  0  0  0  20  Cut  129  0  0  0  69  3  0  0  Burned  363  3  0  18  126  0 ators. The main trials area was subdivided into 40 treatment plots of about 1,000 mi2, only one of which could be irrigated at a time. However, 8 plots could be connected to the distribution system, and each of these was irrigated for 10 min in a cyclical manner until all 8 plots had received 50 liters of solution per mi2. This procedure allowed a 70-min soaking-in period for each plot between applications, thus preventing excessive runoff of biocide. An additional 8 plots were then connected and irrigated until all had received the required dosage. The tethering paddock was divided into four approximately equal plots and irrigated in the same manner with the same volume of biocide solution, although application rates were reduced on this site due to its steep slope, which favored runoff. Even in light rain it was possible to continue irrigation without runoff on both sites by reducing the application rate. The site of the suspected aerial bomb drop was treated by injecting commercial grade formalin solution (38% formaldehyde) to the depth of the bedrock through perforated brass tubes (internal diameter, 10 mm). The injection points were 700 mm apart, and the quantity of biocide injected at each point was 1.75 liters for each 50-mm soil depth. This required probes of different lengths because of the considerable variation in the depth of the blanket peat layer over the bedrock, and the amount of solution injected at each point varied therefore between 1.75 and 21.0 liters. Two months after formaldehyde treatment had been completed, soil core samples were taken with an improved sampler. This sampler (Northumbrian Drilling Products Ltd., Low Prudhoe, United Kingdom) consisted of a stainless steel tube (800 mm by 35 mm) with a screw-on steel cutting edge which was changed for each sample. Within the tube was a plastic liner (500 mm by 35 mm) that enclosed the soil core and that was split longitudinally and sealed with tape. After each sample was collected, the plastic liner, together with the core it contained, was removed from the stainless steel tube, labelled with the location, capped, and placed in an individual plastic bag. For laboratory analysis, soil cores were released from the plastic inserts by removal of the longitudinal tape, which allowed the two halves of the split tube to be separated. The samples were taken from 78 points on the main trials area. Of these, 58 were points that had shown the highest levels of contamination before decontamination treatment and 20 were points selected at random. Two samples at each point were collected within 15 cm of each other and within 15 cm of the pretreatment sample. One set of samples was analyzed at the Chemical and Biological Defence Establishment, Porton Down, and to provide independent verification of results, the duplicate set was analyzed by the same technique at the Central Veterinary Laboratory, Ministry of Agriculture, Fisheries and Food, Weybridge, Surrey (the United Kingdom reference laboratory for anthrax in animals). A total of 156 soil cores were analyzed in the two laboratories, and if the subdivision of the cores into slices is taken into account then a total of 607 samples were analyzed. The results of the analyses showed that, of the 58 points known to be contaminated before formaldehyde treatment, only 3 were still contaminated after treatment. Anthrax spores were detected in three of the samples taken at random and at two points in the aerial bomb area. Levels ranged from 3 to 132 spores per g of soil (Table 3) .
A 1-M2 area around each of these contaminated points was spiked with steel rods to the depth of the bedrock and then irrigated with 10 liters of formalin (37% formaldehyde). Twenty points were sampled at the tethering paddock (a total of 40 samples and 124 core slice analyses). These were all negative. Following formaldehyde injection at the aerial bomb site, 44 pairs of soil core samples were collected to the depth of the bedrock within 15 cm of the pretreatment sampling points. Of the 88 samples (225 core slice analyses), only 2 were still positive, at levels of 3 and 9 spores per g of soil.
The decontamination system had been designed to irrigate the top 15 cm of the soil, and this had proved very successful. However, it was reasoned that the soil at the detonation point could be contaminated to a considerable depth due to the force of the explosions and that it might require special intensive treatment after the surface irrigation with biocide had been completed. Sampling carried out at this point two months after large-scale surface formaldehyde treatment showed a discrete pocket of high spore contamination (106 spores per g of soil) at a depth of 50 cm. The same injection technique that had been utilized at the aerial bomb site was applied to a 20-m-diameter circle around this point with the same degree of success. A further series of samples was taken some 6 months later from all of the areas which were still contaminated after treatment. These were all negative, including the pocket of high contamination under the detonation point.
Two months after the initial large-scale decontamination process, a mixture of quick-acting and slow-release fertilizers was applied to encourage regrowth of native plant species. To further prevent soil erosion, a rapidly growing upland grass seed mixture was applied at the same time. Six months after autumn sowing, the upland grass mixture had germinated and had grown into a patch of meadowland. It was expected that the grasses would be displaced by the native species in due course, although this is likely to take many years.
As a demonstration of confidence in the success of the decontamination operation and that the island could be used in the same way as land on the mainland, 40 Cheviot sheep from the flock of a local farmer were placed on the island and were allowed to graze there for five months. All of the sheep returned to the mainland in excellent health. 
